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ATOMIC PROJECTILES AND THEIR 

COLLISIONS WITH LIGHT 

ATOMS* 

The discovery of radio-activity has not only 
thrown a flood of light on the processes of 
transformation of radio-active atoms; it has at 
the same time provided us with the most pow- 
erful natural agencies for probing the inner 
structure of the atoms of all the elements. 
The swift a-particles and the high-speed elec- 
trons or /J-rays ejected from radio-active bod- 
ies are by far the most concentrated sources of 
energy known to science. ' The enormous 
energy of the flying a-particle or helium atom 
is illustrated by the bright flash of light it 
produces when it impacts on a crystal of zinc 
sulphide, and by the dense distribution of ions 
along its trail through a gas. This great store 
of energy is due to the rapidity of its motion, 
which in the ease of the a-partiele from radium 
C (range 1 cm. in air) amounts to 19,000 km. 
pef second, or about 20,000 times the speed 
of a rifle-bullet. It is easily calculated that 
the energy of motion of an ounce of helium 
moving with the speed of the a-particle from 
radium C is equivalent to 10,000 tons of solid 
shot projected with a velocity of 1 km. per 
second. 

■ In consequence of its great energy of motion 
the charged particle is«able to penetrate deeply 
into the structure of all atoms before it is 
deflected or turned back, and from a study of 
the deflection of the path of the a-particle we 
are able to obtain important evidence on the 
strength and distribution of the electric fields 
near the center or nucleus of the atom. 

Since it is believed that the atom of matter 
is, in general, complex, consisting of positively 
and negatively charged parts, it is to be antici- 
pated that a narrow pencil of a-particles, after 
passing through a thin plate of matter, should 

, i An address before the Royal Institution of 
Great Britain, Juiie 6, 1*19. 
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be scattered into a comparatively 'broad beam. 
Geiger and Marsden showed not only that 
much small scattering occurred, but also that 
in passing through the atoms of a heavy ele- 
ment some of the a-particles were actually 
turned back in their path. Considering the 
great energy of motion of the a-particle, this 
is an arresting fact, showing that the a-par- 
ticle must encounter very intense forces in 
penetrating the structure of the atom. In 
order to explain such results, the idea of the 
nucleus atom was developed in which the main 
mass of the atom is concentrated in a posi- 
tively charged nucleus of very small dimen- 
sions compared with the space occupied by the 
electrons which surround it. The scattering 
of a-particles through large angles was shown 
to be the result of a single collision where the 
a-particle passed close to this charged nucleus. 
From a study of the distribution of the par- 
ticles scattered at different angles, results of 
first importance emerged. It was found that 
the results could be explained only if the 
electric forces between the a-particle and 
charged nucleus followed the law of inverse 
squares for distances apart of the order of 
10- 11 cm. Darwin pointed out that the varia- 
tion of scattering with velocity was explicable 
only on the same law. This is an important 
step, for it affords an experimental proof that, 
at any rate to a first approximation, the ordi- 
nary law of force holds for electrified bodies 
at such exceedingly minute distances. It was 
also found that a resultant charge on the nu- 
cleus measured in fundamental units was 
about equal to the atomic number of the ele- 
ment. In the case of gold 'this number is be- 
lieved from the work of Moseley to be 79. 
■ Knowing the mass of the impinging a-par- 
ticle and of the atom with which it collides, 
we can determine from direct mechanical prin- 
ciples the distribution of velocities after the 
collision, assuming that there is no loss of 
energy due to radiation or other causes. It 
is important to notice that in such a calcula- 
tion we need make no assumption as to the 
nature of the atoms or of the forces involved 
in the approach and separation of the atoms. 
For example, if an a-particle collides with 



another helium atom, we should expect the 
a-particle to give its energy to the helium atom, 
which could thus travel on with the speed 
of the a-particle. If an a-particle collides 
directly with a heavy atom — e. g., of gold of 
atomic weight 197 — the a-particle should re- 
trace its path with only slightly diminished 
velocity, while the gold atom moves onward in 
the original direction of the a-particle, but 
with about one fiftieth of its velocity. Next, 
consider the important case where the a-par- 
ticle of mass 4 makes a direct collision with a 
hydrogen atom of mass 1. From the laws of 
impact, the hydrogen atom is shot forward 
with a velocity 1.6 times that of the direc- 
tion, but with only 0.6 of its initial speed. 
Marsden showed that swift hydrogen atoms set 
in motion by impact with a-particles can be de- 
tected like a-particles by the scintillations 
produced in a zinc sulphide crystal. Recently 
I have been able to measure the speed of such 
H atoms and found it to be in good accord 
with the calculated value, so that we may con- 
clude that the ordinary laws of impact may be 
applied with confidence in such cases. The 
relative velocities of the a-particles and recoil 
atom after collision can thus be simply illus- 
trated by impact of two perfectly elastic balls 
of masses proportional to the masses of the 
atoms. 

While the velocities of the recoil atoms can 
be easily calculated, the distance which they 
travel before being brought to rest depends on 
'both the mass and the charge carried' by the 
recoil atom. Experiment shows that the range 
of H atoms, like the range of a-particles, varies 
nearly as the cube of their initial velocity. If 
the H atom carries a single charge, Darwin 
showed that its range should be about four 
times the range of the a-particle. This has 
been confirmed by experiment. Generally, it 
can be shown that the range of a eharged atom 
carrying a single charge is mu s B,, where m is 
the atomic weight, and u the ratio of the veloc- 
ity of the recoil atom to that of the a-particle, 
and R the range of the a-partiele before col- 
lision. In comparison of theory with experi- 
ment, the results agree better if the index is 
taken as 2.9 instead of 3. If, however, the 
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recoil atom carries a double charge after a 
collision, it is to be expected that its range 
would only be about one quarter of the corre- 
sponding range if it carried a single charge. 
It follows that we can not expect to detect the 
presence of any recoil atom carrying two 
charges beyond the range of the a-particle, 
but we can calculate that any recoil atom, of 
mass not greater than oxygen and carrying a 
single charge, should' be detected beyond the 
range of the a-particle. For example, for a 
single charge the recoil atoms of hydrogen 
and helium should travel 4 E, lithium 2.8 E, 
carbon 1.6 E,' nitrogen 1.3 E, and oxygen 1.1 
E, where E is the range of the incident a-par- 
ticles. We thus see that it should be possible 
to detect the presence of such singly charged 
atoms, if they exist, after completely stopping 
the a-particles by a suitable thickness of ab- 
sorbing material. This is a great advantage, 
for the number of such swift recoil atoms is 
minute in comparison with the number of ,a- 
particles, and we could not hope to detect them 
in the presence of the much more numerous 
a-particles. 

In order to calculate the number of recoil 
atoms scattered through any given angle from 
the direction of flight of the a-particles, it is 
necessary, in addition, to make assumptions as 
to the constitution of the atoms and as to the 
nature and magnitude of the forces involved 
in the collision. Consider, for example, the 
case of a collision of an a-^article with an 
atom of gold of nuclear charge 79. Assuming 
that the nucleus of the a-particle and that of 
the gold atom behave like point charges, re- 
pelling according to the inverse square law, it 
can readily be calculated that, for direct col- 
lision, the a-particles from radium 0, which is 
turned through an angle of 180°, approaches 
within a distance D = 3.6X10~ 12 cm. of the 
center of the gold nucleus. This is the closest 
possible distance of approach of the a-particle, 
and the distance increases for oblique collis- 
ions. For example, when the a-particle is 
scattered through an angle of 150°, 90°, 30°, 
10°, 5°, the closest distances of approach are 
1.01, 1.2, 2.4, 6.2, 12 I) respectively. 

In the experiments of Geiger and Marsden, 



the number of a-particles scattered through 
5° was observed to be about 200,000 times 
greater than the number through 150°. The 
variation with angle Was in close accord with 
the theory, showing that the law of inverse 
squares holds for distances between Z-8'^10-' 12 
cm. and 4-3 X 10"" u cm. in the case of the 
gold atom. The experiments of Orowther in 
1910 on the variati6n of scattering of /?-rays 
with velocity indicate that a similar law 
holds also in that case, and for even greater 
distances from the nucleus. 

We have seen that Marsden was able by 
the scintillation method to detect hydrogen 
atoms set in swift motion by a-particles up 
to distances about four times the range of the 
incident a-particle. In Marsden's experi- 
ments a thin- walled glass tube filled with 
radium emanation served as an intense source 
of rays. Since the lack of homogeneity of 
the a-radiation and the absorption in the 
glass are great drawbacks in making an ac- 
curate study of the laws controlling the pro- 
duction of swift atoms by impact, I have 
found it best to use for the purpose a homo- 
geneous source of radium O by exposing a 
disc in a strong source of emanation. Fifteen 
minutes after removal from the emanation the 
a-rays from the disc are practically homo- 
geneous, with a range in air of 7 cm. By 
special arrangements very intense sources of 
a-radiation can be produced in this way, and 
in the various experiments discs have been 
used the Y-ray activity of which has varied 
between 5 to 80 milligrams of radium. Allow- 
ance can easily be made for the decay of the 
radiation with time. 

In the experiments with hydrogen the 
source was placed in a metal box about 3 eta. 
away from an opening in the end covered by 
a thin sheet of metal of sufficient thickness 
to absorb the a-rays completely. A zinc sul- 
phide screen was mounted outside about 1 
mm. away from the opening, so as to allow for 
the insertion of absorbing screens of alumi- 
nium or mica. The apparatus, was filled with 
dry hydrogen at atmospheric pressure. The 
H atoms striking the zinc sulphide screen 
were counted by means of a microscope in the 
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usual way. The strong luminosity due to the 
/?-rays from radium was largely reduced 
by placing the apparatus in a powerful mag- 
netic field which bent them away from the 
screen. 

If we suppose, for the distances involved 
in a collision, that the a-particle and hydrogen 
nucleus may be regarded as point charges, it is 
easy to see that oblique impacts should occur 
much oftener than head-on collisions, and 
consequently that the stream of H atoms set 
in motion by collisions should contain atoms 
the velocities of which vary from zero to the 
maximum produced in a direct collision. The 
slow-velocity atoms should greatly preponder- 
ate, and the number of scintillations observed 
should fall off rapidly when absorbing screens 
are placed in the path of the rays close to the 
zinc sulphide screen. 

A surprising effect was, however, observed. 
Using a-rays of range 7 cm., the number of H 
atoms remained unchanged when the absorp- 
tion in their path was increased from 9 cm. 
to 19 cm. of air equivalent. After 19 cm- the 
number fell off steadily, and no scintillations 
could be observed beyond 28 cm. air absorp- 
tion. In fact, the stream of H atoms re- 
sembled closely a homogeneous beam of a-rays 
of range 28 cm-, for it is well known that, 
owing to scattering, the number of a-particles 
from a homogeneous source begin to fall off 
some distance from the end of their range. 
The results showed that the H atoms are pro- 
jected forward mainly in the direction of the 
a-particles and over a narrow range of veloc- 
ity, and that few, if any, lower velocity atoms 
are present in the stream. 

If we reduce the velocity of the a-particle 
by. placing a metal screen over the source, 
it is found that the distribution of H atoms 
with velocity changes, and that the rays are 
no longer nearly homogeneous. When the 
range of the a-rays is reduced to 3-5 cm., 
the absorption of the H atoms is in close 
accord with the value to be expected from the 
theory of point charges. It is clear, there- 
fore, that the distribution of velocity among 
the H atoms varies with the speed of the 
incident a-particles, and this indicates that a 
marked change takes place in the distribution 



and magnitude of the fprces involved in the 
collision when the nuclei approach closer than 
a certain distance. 

In addition to these peculiarities, the num- 
ber of H atoms is greatly in excess of the 
number to be expected on the simple theory. 
For example, for the swiftest a-rays the num- 
ber which is able to travel a distance equiv- 
alent to 10 cm. of air is more than thirty 
times greater than the calculated value. The 
variation in number of H atoms with velocity 
of the incident a-particle is also entirely 
different from that to be expected on the 
theory of point charges. The number dimin- 
ishes rapidly with velocity, and is very small 
for a-particles of range 2-5 cm. 

It must be borne in mind that the pro- 
duction of a high-speed H atom by an 
a-particle is an exceedingly rare occurrence. 
Under the conditions of the experiment the 
number of H atoms is seldom more than 
1/30,000 of the number of a-particles Prob- 
ably each a-particle passes through the struc- 
ture of 10,000 hydrogen molecules in travers- 
ing one centimeter of hydrogen at atmos- 
pheric pressure, and only one a-particle in 
100,000 of these produces a high-speed H 
atom; so that in 10 9 collisions with the mole- 
cules of hydrogen the a-particle, on the aver- 
age, approaches only once close enough to the 
center of the nucleus to give rise to a swift 
hydrogen atom. 

We should anticipate that for such collis- 
ions the a-particle is unable to distinguish 
between the hydrogen atom and the hydrogen 
molecule, and that H atoms should be liber- 
ated from matter containing free or com- 
bined hydrogen. This is fully borne out by 
experiment. 

From the number of H atoms observed it 
can be easily calculated that the a-particle 
must be fired within a perpendicular distance 
of 2-4 X 10-" cm. of the center of the H 
nucleus in order to set it in swift motion. 
This is a distance less than the diameter of 
the electron, viz. 3-6 X 10-" cm. The gen- 
eral results obtained with a-rays of range 7 
cm. are similar to those to be expected if the 
a-particle behaves like a charged disc, of 
radius of about the diameter of an electron, 
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travelling with its plane perpendicular to the 
direction of motion. 

It is clear from the experiments with hy- 
drogen that, for distances of the order of the 
diameter of ' the electron, the a-particle no 
longer behaves like a point charge, hut 
that the a-particles must have dimensions of 
the order of that of the electron. The closest 
distance of approach in these collisions in hy- 
drogen is about one tenth the corresponding 
distances in the case of a collision of an 
a-particle with an atom of gold. 

The results obtained with hydrogen in no 
way invalidate the nucleus theory as used to 
explain the scattering of a-rays by heavy 
atoms, but show, as we should expect, that 
the theory breaks down when we approach 
very close to the nucleus structure. In our 
ignorance of the constitution of the nucleus 
of the a-particle, we can only speculate as to 
its structure and the distribution of forces 
very close to it. If we take the a-particles of 
mass 4 to consist of four positively charged 
H nuclei and two negative electrons, we 
should expect it to have dimensions of the 
order of the diameter of the electron, sup- 
posing, as seems probable, that the H nucleus 
is of much smaller dimensions than the elec- 
tron itself. When we consider the enormous 
magnitude of the forces between the a-paftiele 
and the H nucleus in a close collision — 
amounting to 6 kg. of weight — it is to be ex- 
pected that the structure of the a-particle 
should be much deformed, and that the law 
of force may undergo very marked changes 
in direction and magnitude for small changes 
in the closeness of approach of the two collid- 
ing nuclei. Such considerations offer a rea- 
sonable explanation of the anomalies shown 
in the number and distribution with velocity 
of the H atoms exhibited for different veloc- 
ities of the a-particles. 

When we consider the enormous forces be- 
tween the nuclei, it is not so much a matter 
of surprise that the nuclei should be deformed 
as that the structure of the a-particle or 
helium . nucleus escapes disruption into its 
constituent parts. Such an effect has been 
carefully looked for, but so far no definite 
evidence of such a disintegration has been 



observed. If this be the case, the helium 
nucleus must be a very stable structure to 
stand the strain of the gigantic forces in- 
volved in a close collision. 

We have seen that the recoil atoms of all 
elements of atomic mass less than 18 should 
travel beyond the range of the a-particle, pro- 
vided they carry a single charge. Preliminary 
experiments, in which the a-particles passed 
through pure helium, showed that no long- 
range recoil atoms were present, indicating 
that after recoil the helium atom carries a 
double charge. In a similar way no certain 
evidence has been obtained of long-range 
recoil atoms from lithium, boron, or beryl- 
lium. It is difficult in experiments with 
solids or solid compounds to be sure of the 
absence of hydrogen or water-vapor, which 
results in the production of numerous swift 
H atoms. These dimculties are not present 
in the case of nitrogen and oxygen, and a 
special examination has been made of recoil 
atoms in these gases. Bright scintillations 
were observed m both these gases about 2 cm. 
beyond the range of the a-particle. These 
scintillations are, presumably, due to swift N" 
and atoms carrying a single charge, for the 
ranges observed are about those to be expected 
for such atoms. The scintillations due to rd- 
coil atoms of N and O are much brighter 
than H scintillations, although the actual 
energy of the flying atom is greater in the 
later case. This difference in brightness is 
probably connected with the much weaker ion- 
ization per unit of path due to the swifter H 
atom. 

The corresponding range of the recoil 
atoms was about the same in oxygen, nitrogen 
and carbon dioxide. Theoretically, it is to be 
anticipated that the ET recoil atom should give 
a somewhat greater range than the atom. 
The recoil atoms observed in carbon dioxide 
are apparently due to oxygen, for if the 
carbon atoms carried a single charge they 
should be detected beyond the range of O 
atoms. 

The number of recoil atoms in nitrogen 
and oxygen and their absorption indicate that 
these atoms, like H atoms, are shot forward 
mainly in the direction of the a-particles. It 
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is clear from the results that the nuclei of the 
atoms under consideration can not be re- 
garded as point charges for distances of the 
order of the diameter of the electron. Taking 
into account the close similarity of the effects 
produced in hydrogen and oxygen, and the 
greater repulsiye forces between the nuclei 
in the later case, it seems probable that the 
abnormal forces in the case of oxygen mani- 
fest themselves at about twice the distance 
observed in the case of hydrogen, i. e., for 
distances less than 7 X 10~ 18 cm. Such a con- 
clusion is to be anticipated on general 
grounds, for presumably the oxygen nucleus 
is more complex and has larger dimensions 
than that of helium. 

In his preliminary experiments Marsden 
observed that the active source always gives 
rise to a number of scintillations on a zinc 
sulphide screen far beyond the range of the 
a-particle. I have always found these natural 
scintillations present at the sources of radia- 
tion employed. The swift atoms producing 
these scintillations are deflected in a magnetic 
field, and have about the same range and 
energy as the swift H atoms produced by the 
passage of a-particles through hydrogen. The 
number of these natural scintillations is 
usually small, and it is very difficult to decide 
definitely whether such atoms arise from the 
disintegration of the active matter or are due 
to the action of the a-particles on hydrogen 
occluded in the source. 

These natural scintillations were studied by 
placing the source in a closed box exhausted 
of air about 3 cm. from an opening in the 
end covered by a sheet of silver of sufficient 
thickness to stop the a-rays completely. The 
zinc sulphide screen was fixed outside close to 
the silver plate. On introducing dried oxygen 
or carbon dioxide into the vessel, the number 
of scintillations fell off in amount corre- 
sponding with the stopping power of the 
column of gas. An unexpected effect was, 
however, noticed on introducing dried air 
from the room. Instead of diminishing, the 
number of scintillations was increased, and 
for an absorption equivalent to 19 cm. of air 
the number was about twice that observed 
when the air was exhausted. It was clear 



from the results that the a-particles in their 
passage through air gave rise to long-range 
scintillations which appeared of about the 
same brightness as H scintillations. This 
effect in air was traced to the presence of 
nitrogen, for it was shown in dry, chemically 
prepared nitrogen as well as in air. The 
number of scintillations was much too large 
to be accounted for by the presence of traces 
of hydrogen or water-vapor, for the effect ob- 
served was equivalent to the number of H 
atoms produced by the mixture of hydrogen 
at 6 cm. pressure with oxygen. The measure- 
ments were always made well outside the 
range of the recoil nitrogen and oxygen 
atoms, which we have seen are stopped by 
9 cm. of air. 

These swift atoms which arise from nitro- 
gen have about the same brightness and range 
as the H atoms produced from hydrogen, and, 
presumably, are charged hydrogen atoms. 
Definite information on this point should be 
obtained by measuring the deflection of a 
pencil of these atoms in a magnetic and elec- 
tric field. The experiments are, however, ex- 
ceedingly difficult on account of the very 
small number of the scintillations to be ex- 
pected under the experimental conditions. It 
should be mentioned that the evidence so far 
obtained is not sufficient to distinguish defi- 
nitely whether these are H atoms or atoms of 
mass 2, 3, or 4, for the range and brightness 
of the latter would not be very different from 
those shown by the H atom. 

It is difficult to avoid the conclusion that 
these long-range atoms arising from the col- 
lision of a-particles with nitrogen are not 
nitrogen atoms, but probably charged atoms 
of hydrogen or atoms of mass 2. If this be 
the case, we must conclude that the nitrogen 
atom is disintegrated under the intense forces 
developed in a close collision with swift 
a-particles, and that the atom liberated formed 
a constituent part of the nitrogen nucleus. 
It may be significant that from radio-active 
data we should expect the nitrogen nucleus 
of atomic mass 14 to consist of three helium 
nuclei of mass 4, and either two hydrogen 
nuclei or one nucleus of mass 2. 

The effect produced in nitrogen would be 
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accounted for if the H nuclei were outriders 
of the main nucleus of mass 12. The close 
approach of the ot-particle leads to the dis- 
ruption of its bond with the central nucleus, 
and under favorable conditions the H atom 
would acquire a high velocity and be shot for- 
ward like a free hydrogen atom. Taking into 
account the great energy of the particle, the 
close collision of an a-particle with a light 
atom seems to be the most likely agency to 
promote its disruption. Considering the 
enormous intensity of the forces brought into 
play in such collisions, it is not so much a 
matter of remark that the nitrogen atom 
should suffer disintegration as that the a-par- 
ticle itself escapes disruption. The results, 
as a whole, suggest that if a-particles or 
similar projectiles of still greater energy 
were available for experiment, we might ex- 
pect to break down the nucleus structure of 
many of the lighter atoms. 

Ernest Butherford 



SECOND AWARD OF THE ELLIOT 
MEDAL 

The Elliot Medal is awarded annually by 
the National Academy of Sciences' to the 
author of the leading publication of the year 
in zoology or paleontology. The first award 
was made for the year 1917 to Erank M. 
Chapman for his volume "The Distribution 
of Bird-Life in Columbia," published by The 
American Museum of Natural History. The 
second award for the year 1918 was to William 
Beebe, of the New York Zoological Society, 
on the completion of the first volume of his 
work on the " Pheasants." 

In presenting Mr. Beebe to the Academy 
for the award, Professor Henry Fairfield 
Osborn made the following remarks: 

Daniel Giraud Elliot, to whom the Academy 
is indebted for the Elliot Medal, was a lead- 
ing ornithologist and mammalogist of the old 
school. He produced a series of splendid 
monographs on birds and mammals, and 
closed his scientific career with an exhaustive 
revision of the Primates. With the exception 
of a journey in Africa the greater part of his 
life was spent in museums, yet I believe if he 



were living he would not hesitate a moment 
to award the Elliot Medal for the Year 1918 
to William Beebe on the completion of the 
first volume of his great work " A Monograph 
of the Pheasants." 

This is a profound study of the living 
pheasants in their natural environment in 
various parts of eastern Asia. There are 
nineteen groups of these birds; eighteen were 
successfully hunted with the camera, with 
field-glasses, and when necessary for identi- 
fication, with the shotgun. The journey 
occupied seventeen months, extended over 
twenty countries, and resulted in a rare abun- 
dance of material, both literary — concerning 
the life histories of birds — and pictorial, 
photographs and sketches. The journey ex- 
tended over 52,000 miles; it ended in the 
great Museums of London, of Tring, of Paris, 
and of Berlin, for the purpose of studying the 
type collections. Thus the order of the work 
was from nature to the museum and to man, 
rather than from man and the museum to 
nature. It is this distinguished note of 
direct observation of natural processes, under 
natural conditions, which is needed to-day in 
biology to supplement the note of the labora- 
tory and of experiment. Living birds and 
living mammals have as much to teach us in 
their natural surroundings as they taught 
Darwin and Wallace and we must endeavor 
to keep the eyes and minds of these great 
naturalists in our modes of vision. 

The monograph covers the blood partridges, 
the tragopans, the impeyans, the gold and 
silver pheasants, the peacocks, the jungle 
fowl, and the history of the ancestry of our 
domestic fowls. It has important bearings 
on the Darwinian theories of protective color- 
ation and of sexual selection, and on the De 
Vries theory of mutation. The full-grown 
male and female characters, the changes of 
plumage from chick to adult, the songs, court- 
ships, battles, nests and eggs of nearly one 
hundred species are included and systematic- 
ally described. The illustrations are by lead- 
ing American and British artists. The 
haunts of the pheasants are shown in the 
author's photographs ranging from the slopes 
of the Himalayan snow-peaks, 16,000 feet 



